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Long-term observations of the reactive chemical composition of the
tropical marine boundary layer (MBL) are rare, despite its crucial
role for the chemical stability of the atmosphere. Recent observa-
tions of reactive bromine species in the tropical MBL showed
unexpectedly high levels that could potentially have an impact on
the ozone budget. Uncertainties in the ozone budget are ampliﬁed
by our poor understanding of the fate of NOx (= NO + NO2), par-
ticularly the importance of nighttime chemical NOx sinks. Here, we
present year-round observations of the multiisotopic composition
of atmospheric nitrate in the tropical MBL at the Cape Verde Atmo-
spheric Observatory. We show that the observed oxygen isotope
ratios of nitrate are compatible with nitrate formation chemistry,
which includes the BrNO3 sink at a level of ca. 20 ± 10% of nitrate
formation pathways. The results also suggest that the N2O5 path-
way is a negligible NOx sink in this environment. Observations
further indicate a possible link between the NO2/NOx ratio and
the nitrogen isotopic content of nitrate in this low NOx environ-
ment, possibly reﬂecting the seasonal change in the photochemical
equilibrium among NOx species. This study demonstrates the rele-
vance of using the stable isotopes of oxygen and nitrogen of at-
mospheric nitrate in association with concentration measurements
to identify and constrain chemical processes occurring in the MBL.
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The tropical marine lower troposphere is one of the most pho-tochemically active compartments of the global atmosphere.
The year-round high solar radiation, temperature, and humidity
render this region the second largest contributor to methane re-
moval via the OH sink (1). A large proportion of tropospheric
ozone loss also occurs in the tropical marine boundary layer
(MBL), where the concentrations of precursors, such as NOx
(= NO + NO2) and volatile organic carbons (VOCs) (2), are
generally too low to keep the ozone production rate above its de-
struction rate. The destruction of ozone is further highlighted by the
recently discovered role of halogen chemistry at low latitudes (3),
which is known to destroy ozone catalytically (4). The subtle ox-
idation chemistry coupling NOx, halogens, and VOCs with ozone
production and destruction in the MBL is still not fully un-
derstood, as demonstrated by the historically overlooked bromine
chemistry (3) or the role of heterogeneous N2O5 hydrolysis as
a NOx sink (5, 6).
Being the end product of the NOx/O3/VOC interaction, atmo-
spheric nitrate is particularly well suited to probe such chemistry,
especially through its stable isotope composition (7). Indeed,
isotopic measurements have proven to be instrumental in identi-
fying and quantifying sources, processes affecting the formation of
atmospheric nitrate [particulate NO3
− plus gas-phase nitric acid
(HNO3); hereafter deﬁned as NO3
−], and the role of its precursors
(i.e., the complex chemical interactions between NOx, halogens,
and ozone) (8–10). Combining the analysis of the two stable oxy-
gen isotope ratios (17O/16O and 18O/16O expressed as δ17O and
δ18O, respectively) with the stable nitrogen isotope ratio (15N/14N
expressed as δ15N) in a single sample is a powerful tool that can
offer unique insights into atmospheric chemistry (11–14). The
isotopic oxygen ratios of atmospheric NO3
− are usually inter-
preted in the context of 17O-excess (Δ17O), which is a more robust
indicator of oxidation pathways forming NO3
− than only δ values
(15). Δ17O(NO3
−) serves as an integrator of the oxidation path-
ways (7) involving themain atmospheric oxidants (NO3, OH,HO2,
andO3; Fig. S1 and SI Text) and could provide both qualitative and
quantitative constraints on the chemical reaction mechanisms
leading to NO3
− production (12, 13, 16–18). Nonzero values of
Δ17O(NO3
−) stem directly from ozone, which possesses a charac-
teristic 17O-excess that is transferred during chemical reactions,
whereas other oxidants involved in nitrate production possess
Δ17O values not signiﬁcantly different from zero (15). The use of
oxygen isotopes in nitrate is thus an emerging new tool that can be
used to probe the oxidation capacity of the atmosphere, com-
plementing the concentration measurements.
The interpretation of δ15N(NO3
−) is less well established. Varia-
tions in δ15N(NO3
−) can be interpreted, according to Freyer et al.
(19), as resulting from changes in the source strength of reactive
nitrogen (e.g., ref. 20) or as the result of isotope fractionation in-
duced by transport, kinetic, or equilibrium atmospheric effects (21),
with interpretation depending on regional atmospheric contexts.
To date, nitrate isotopes have been successfully used to assess
atmospheric chemical processes in polar and midlatitude regions
(10), but subtropical and tropical regions have not yet been studied
extensively despite their strong oxidative conditions. Observa-
tional data would be useful for atmospheric chemistry modeling
because these isotopic tracers provide constraints for chemical and
physical models and constitute new markers for poorly con-
strained parameterizations (18). Furthermore, there is currently
a lack of long-term observations of the oxidation capacity of the
tropical MBL in NOx-poor environments (22).
To address these gaps, we present a full seasonal cycle of ni-
trate isotope variations during the period July 2007 to July 2008
at the Cape Verde Atmospheric Observatory (CVAO; 16° 85′
N and 24° 87′ W, 50 m from the coastline and 10 m above sea
level), situated in a region that is characteristic of the tropical
oceanic boundary layer. The CVAO was established as an at-
mospheric observatory in 2006. Intensive and long-term studies
conducted at the CVAO have already been reported (e.g., 23),
and this well-characterized site allows for a thorough evaluation
of the isotopic composition of nitrate in terms of the chemical
state and physical state of the tropical MBL. This study combines
seasonal variations of Δ17O and δ15N in the tropical MBL.
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Results
Fig. 1 shows a seasonal time series of the atmospheric concen-
trations of NO3
− and its Δ17O and δ15N values as recorded be-
tween July 2007 and July 2008. Data are also presented for aerosol
samples collected in the vicinity of Cape Verde during various
south-north Atlantic transects onboard the R/V Polarstern.
Nitrate concentration did not exhibit any apparent seasonal
cycle during the study period. Concentrations were stable, av-
eraging 21.4 ± 10.9 nmol·m−3, consistent with the predominance
of northeasterly trade winds at the CVAO, which supply a mix-
ture of background marine air and polluted continental outﬂow
(23). In contrast, Δ17O and δ15N displayed marked seasonal
cycles that were somewhat out of phase. Maximum Δ17O values
occurred in winter (’30‰), and minimum values occurred in
summer (’26‰). The δ15N trend showed maximum values in
spring (−2.9‰) and minimum values in fall (−8.8‰). For all
variables, there is a very good agreement between the ﬁxed
(CVAO) and shipboard (i.e., R/V Polarstern) sample data. No
correlations were found between atmospheric NO3
− concen-
trations and isotope ratios.
Table 1 compares the CVAO observations with those from other
northern hemisphere locations. From the pole to the tropics, the
seasonality of Δ17O shows a similar trend, with maximum values in
winter and minimum values in summer. The amplitude is notably
reduced in the tropics (4‰ compared with >8‰), principally due
to relatively higher summer values. The Δ17O values observed for
the CVAO are the highest summer values ever reported for NO3
−
(up to 26‰ on average) (Table 1). For δ15N, there is no common
trend in terms of phase or maximum/minimum values compared
with other studies (19, 24–26), preventing any general hemispheric
scale interpretations. We observed no common trend between δ15N
and NOx concentrations. Also, no correlation was found between
Δ17O and δ15N, dismissing a common process for these two isotope
markers, in contrast to observations made in the Arctic (26).
Therefore, δ15N was apparently not controlled by the termination
reactions leading to the production of nitrate from NO2. The only
relationship that was noticeable between δ15N and its precursor
molecules was a positive correlation with the NO2/NOx ratio (Fig.
1C), in contrast to the negative trend observed for polluted air
masses with high NOx concentrations (19). A possible explanation
would be a kinetic isotope effect between NO and NO2, but in the
absence of a better constrained system, δ15N will not be further
discussed because its interpretation will be too speculative.
As shown in Fig. 1 predicted nitrate aerosol concentrations and
their corresponding Δ17O values were calculated using a steady-
state atmospheric chemistry box model [steady-state model (SSM),
gray line] constrained by local measurements of NO, NO2, O3,
J(O1D), and aerosol surface area (Table S1) and a 3D chemical
transport model (CTM) GEOS-Chem (18) (gray dashed line). The
SSM and CTM both predicted nearly identical nitrate aerosol
concentrations but underestimated the observations by a factor of
2 (≈10 nmol·m−3 predicted and ≈20 nmol·m−3 observed). For
Δ17O, a better agreement with observations was obtained with the
SSM compared with the CTM, particularly for the summer values.
The CTM was unable to reproduce the high summer Δ17O values.
Fig. 2 (see also Table S2) shows the different chemistries used by
the different models, with DMS (CH3SCH3) being the main at-
mospheric sink of NO3 (detailed information on the models and
data reductions can be found in Materials and Methods and
SI Text).
Fig. 1. Observed concentration (A), Δ17O (B), and
δ15N (C) of atmospheric nitrate collected at the CVAO
(CVAO Obs.). Also displayed are the measurements
performed on three different cruises (2007, 2008, and
2012) onboard the R/V Polarstern (Ship Obs.) when
sailing in the vicinity of Cape Verde. The monthly
average and predicted concentrations by the SSM
and the CTM are shown in A, and predicted Δ17O
values, including BrNO3 chemistry for the SSM, are
shown in B. (C) NO2/NOx ratio as obtained by local
NOx measurements.
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Discussion
Framework. Our Δ17O and δ15N datasets represent a tentative to
connect the isotopic composition of atmospheric nitrate with the
reactive chemistry in the tropical MBL. Recently, Morin et al.
(15) conducted an extensive analysis of the 17O-excess transfer
from the Ox/HOx/NOx families to atmospheric nitrate in differ-
ent atmospheric contexts, extending the initial work of Michalski
et al. (7) by introducing the diurnally integrated isotopic signa-
ture (DIIS) metric (Materials and Methods). Such studies provide
the quantiﬁcation tools to compare directly the outputs of an
atmospheric chemistry model with the observed Δ17O of atmo-
spheric nitrate (helped by δ15N in some situations), bringing
a new set of constraint on the chemical processes occurring in
the atmosphere beyond the solely concentration measurements
(12, 13, 17, 18). In the present study, a chemical box model
(SSM) and a 3D model (CTM) are confronted with the CVAO
observations, ﬁrst with the observed concentrations and then
with the stable oxygen isotope compositions.
Observed and Modeled Concentrations. To allow for a consistent
comparison between models and observations, the lifetime of
atmospheric nitrate in the SSM was set to the same value as in the
CTM (i.e., 3.5 d). Under such conditions, the SSM and the CTM
predicted similar nitrate concentrations, indicating that the total
production rate of nitrate in both models was approximately
equal. Considering the uncertainty associated with the kinetic
rates and concentrations of the prescribed reactive species (at
least 30% for each term), the models quantitatively predicted the
nitrate concentrations within a factor of 2 (Fig. 1A). Although the
models appeared to calculate a more pronounced seasonality
than the observations, it is probably insigniﬁcant considering the
large uncertainty. On the other hand, the identical concentrations
predicted by both models strongly support the premise that the
prevailing marine conditions at the CVAO are also valid for the
air masses transported to this site, in agreement with recent
studies (23, 27), making our observed seasonal trends weakly
sensitive to transport and air mass origin. The best concentration
match between observations and model predictions was actually
found for a nitrate lifetime of ca. 5 d. Statistical analysis of 5-d
back-trajectories of air masses reaching the CVAO indicated that
they were essentially marine air with little continental origin,
making the CVAO representative of the wider North Atlantic
MBL (28). The air mass dynamics are therefore compatible with
a local approach and, with a lifetime signiﬁcantly greater than 1 d,
validated the use of the DIIS [i.e., Δ17O depends only on the
relative strength of each reaction pathway weighted by its re-
spective DIIS (Fig. S2); thus it is insensitive to any atmospheric
sinks] (15).
Modeled Chemistry. The concentrations predicted by the models
are the results of their internal chemistry. A closer look at in-
dividual production pathways (Fig. 2 and Table S2) reveals fun-
damental differences between the models. Although displaying
almost identical concentration time series that are in good
agreement with the observations, they used different reaction
schemes. For theCTM,NO+OHlargely dominated the formation
of nitrate (PNO2+OH ≈ 70% on average), with signiﬁcant pro-
duction from N2O5 hydrolysis (PN2O5+H2O up to 30%). For the
SSM, PN2O5+H2O was negligible, whereas the other pathways were
nearly equal (20–40%; Fig. 2). Although these percentages should
be taken with caution due to their inherent uncertainty (at least ±
50% of the values), they reveal the different reaction chemistries
used by the models.
It is interesting to note that these chemistries, although predict-
ing almost the same atmospheric nitrate concentrations, differed
greatly when Δ17O was concerned. Indeed, such discrepancies in
chemistry translated into important differences in predicted Δ17O
of nitrate (Fig. 1B), because each reaction pathway carries a speciﬁc
Δ17O value (Fig. S2). It is obvious from Fig. 1B that the SSM is in
better agreement with the observed Δ17O, giving more credence
to its chemistry than the CTM. Considering that the SSM is con-
strained by observations, its main weakness (the transport) had
little effect on 17O-excess transfer (homogeneous MBL at the
spatial scale of the atmospheric lifetime) and it better reproduced
the observed Δ17O of nitrate; thus, we consider the SSM model to
be a better representation of the atmospheric chemistry operating
Table 1. Comparison of the seasonal minimum and maximum values of nitrate isotope ratios at
different locations
Location
103 Δ17O 103 δ15N
Minimum Maximum Minimum Maximum
Tropic Atlantic (Cape Verde, 17° N) +27 (Jul) +31 (Dec) −8 (Oct) −2 (Mar)
Polar (Alert, 82° N)* (13) +24 (Jul) +32 (Dec) −1 (Aug) −15 (Dec)
Polar (Barrow, 71° N)* (27) +21 (Jun) +28 (Sep) −1 (Aug) −10 (Nov)
Red Sea (Gulf of Aqaba, 30° N) (26) −4 (Oct) +2 (Aug)
Paciﬁc coastal (San Diego, 33° N) (7) +21 (Jul) +30 (Jan)
Abbreviations for the months of the observed minimum and maximum are shown in parentheses.
*Values are given for the general seasonal trend, excluding the springtime due to the occurrence of ozone
depletion events.
Fig. 2. Relative production rates of atmospheric nitrate by each oxidation
pathway (NO2 + OH, NO3 + VOC, N2O5 + H2O, and BrNO3 + H2O), leading to
the formation of atmospheric nitrate. The SSM (A) and CTM (B), respectively,
are shown.
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at the CVAO and discuss ﬁrst its results before comparing them
with the CTM results.
SSM Features.One of the most striking features of the SSM output
was the relative low importance attributed to the N2O5 reaction
channel. Recently, questions have emerged regarding the role of
N2O5 in models, especially in the clean marine atmosphere (5, 6,
29). These studies generally point to an overestimation of the
uptake coefﬁcient of N2O5 (30). However, in the present case,
sensitivity tests showed that the SSM was unaffected by three
orders of magnitude changes in the N2O5 uptake coefﬁcient
(range: 10−3 to 1). The weak sensitivity on the uptake coefﬁcient of
N2O5 resulted directly from the very low concentration of NOx
observed at the CVAO (tens of pmol·mol−1) (22), preventing
signiﬁcant nighttime N2O5 formation via its thermal equilibrium
N2O5 ↔ NO3 + NO2. The lack of N2O5 formation also excludes
the 2NO2 + NaCl → ClNO + HNO3 reaction as a signiﬁcant
source of atmospheric nitrate. The formation of HNO3 via this
reaction has been found to be quadratic in NO2 pressure with an
uptake coefﬁcient in the range of 10−5 (31), making this reaction
even less probable than N2O5 in the poor NOx environment of the
CVAO. These conclusions are supported by other studies mod-
eling the pristine MBL (32, 33). A direct consequence of the very
lowN2O5 concentration was the absence of nitryl compounds (e.g.,
ClNO2, BrNO2) (32) produced by the interaction of N2O5 with
halides (NaI, NaBr, and NaCl) (34). Moreover, the predominance
of the nighttime PNO3+DMS (Fig. 2) during winter, even surpassing
the daytime PNO2+OH as the main NOx sink, was found to be in
agreement with previous studies (30, 33). PNO3+DMS gave rise to
the Δ17O winter peak in the SSM. This situation differs frommore
polluted environments, where N2O5 played a pivotal role (30).
A remarkable feature of the Δ17O variations recorded at the
CVAO was the high Δ17O values observed in summer relative to
other locations worldwide (Table 1). As indicated in Fig. 1B, the
SSM reproduced the summer observations relatively well within
1‰ in contrast to the CTM, which underestimated the obser-
vations by ≈5‰. The high summer values were obtained as
a result of the relatively high 17O-excess transfer by the BrO
chemistry (Fig. S2). This is further demonstrated by switching off
the bromine chemistry in the SSM, which degraded by 2–3‰ the
agreement between observations and model results in summer
(Fig. S3). It is known that the bromine chemistry has a signiﬁcant
impact on the Δ17O signature of atmospheric nitrate in the polar
atmosphere because BrNO3 possesses the same Δ
17O as NO3
(BrO inherits its transferable O-atom from ozone, making the
reactions NO2 + BrO and NO2 + O3 equivalent but different
from NO2 +OH because OH includes an O-atom inherited from
H2O) (13). Near-constant BrO concentrations of ca. 2.5 pmol·
mol−1 year-round have been observed at the CVAO (3, 35). BrO
can have an impact on the Δ17O(NO3
−) signature through NO2
formation (NO + BrO → NO2 + Br) and BrNO3 hydrolysis on
wet solid surfaces (BrNO3 + H2O → HOBr + HNO3) (Fig. S1).
Calculations using local mole ratios and the kinetic constant for
the NO + BrO reaction showed little impact of this reaction on
Δ17O(NO2) [+0.5‰ at maximum for Δ
17O(NO3
−] because NO +
O3 still dominates the oxidation of NO (Table S3). More difﬁ-
cult, however, is an assessment of the impact of heterogeneous
XNO3 hydrolysis reactions (with X representing Cl, Br, or I) on
Δ17O(NO3
−) because ClNO3 and INO3 can also potentially
contribute to nitrate formation in the marine atmosphere (32,
34). Although ca. 1 pmol·mol−1 of iodine monoxide (IO) has
been measured at the CVAO (3), there are no available obser-
vations for chlorine monoxide (ClO). A halogen chemistry model
applied to the pristine CVAO environments predicts ClO values
in the range of 2 pmol·mol−1 (32), making the total mole ratio of
XO about twice the observed BrO concentration. Treating the
sum of XO as a surplus of BrO [XO + NO2 have an almost
identical reaction rate constant and oxidation mechanism (34,
36)], a sensitivity test shows that doubling the halogen pro-
duction rate from 5.7 to 11.4 × 103 molecules per cm−3·s−1
increases the predicted Δ17O by 2‰ and increases the relative
reaction rate of the halogen chemistry by ca. +10%, which does
not fundamentally alter our interpretation. If only BrNO3 is
considered, the BrNO3 pathway accounts for an average HNO3
production of 20 ± 10% with a seasonality of ca. 10% and 30%
for winter and summer, respectively [the seasonality has been
introduced by variation of the other production rates because the
BrO mole ratio displayed no seasonal variation (3)]. Uncertainty
in this estimation is constrained by the isotope mass balance (not
the concentration) and clearly indicates that an absence of hal-
ogen chemistry signiﬁcantly degrades the predicted Δ17O com-
position. It should also be noted that the Δ17O used for ozone
has no impact on this estimation because all 17O-excess transfer
mechanisms scale identically with this parameter (15), thus
conserving the Δ17O seasonality. Nevertheless, in this study, we
used Δ17O(O3) measured in the vicinity of the CVAO, applying
our unique analytical approach (37), and thus did not adjust this
variable to match the observed Δ17O, in contrast to previous
studies (7, 12, 13, 18).
CTM Features.Using the SSM as a benchmark, several conclusions
may be drawn regarding the CTM. Although the CTM displayed
the same seasonal amplitude as the SSM, it underestimated the
Δ17O of NO3
− for all seasons. Because both models use the same
isotope mechanism [i.e., DIIS and Δ17O(O3)], the difference was
clearly in the chemistry. Compared with the SSM (Fig. 2), the
CTM largely favored its daytime chemistry (i.e., NO2 + OH),
placing too much emphasis on the N2O5 hydrolysis and not
enough on the NO3 pathways. A difference in DMS concentration
can be excluded because the CTM used greater DMS concen-
trations than the SSM (on average, 200 pmol·mol−1 in summer
for the CTM compared with 30 pmol·mol−1 for the SSM). It is
evident that all these differences are interlinked via the radical
chemistry; thus, it is difﬁcult to pinpoint a principal weakness.
The lack of the halogen chemistry is likely an important cause,
given the strong inﬂuence this chemistry can exert on the Ox,
HOx, and NOx families (34), but it is clearly not the only one
(only 2–3‰ of 5‰ is quantitatively explained by the halogen
chemistry). If the transport is suppressed in the CTM, N2O5
chemistry becomes unimportant (as in the SSM) and the for-
mation of nitrate is almost equally split between NO2 + OH
(identical to the SSM) and NO3 (twice that of the SSM). The
result is a predicted Δ17O that is as good as that in the SSM but
for the wrong reasons. In this situation, the increase of the
nighttime NO3 chemistry produced an increase in Δ
17O that
compensated for the lack of the halogen chemistry because both
have the same 17O-excess transfer function. Thus, the impor-
tance of the N2O5 chemistry in the CTM was clearly the result of
the history of the air mass, which tended to degrade the predicted
Δ17O signiﬁcantly, either through the NOx source implementa-
tion or the calculated uptake coefﬁcient.
Summary and Conclusion
In this study, we have reported the annual time series of the Δ17O
and δ15N values of atmospheric nitrate at a tropical MBL loca-
tion. Studies in the tropical MBL are fundamental for an un-
derstanding of the oxidation capacity of the atmosphere, given
the important role played by this region in global atmospheric
chemistry. Using the transfer model developed by Morin et al.
(15), fed with aerosol surface area measurements, and the local
mole ratios of BrO, NO, NO2, O3, OH, HO2, and DMS, we have
modeled the Δ17O of atmospheric nitrate. The predicted sea-
sonal time series of Δ17O indicated that the atmospheric nitrate
reaching the CVAO is largely representative of an area equiva-
lent to a few days of aerosol transport in the remote marine
atmosphere. Furthermore, the reactive halogen chemistry in the
tropical MBL was compatible with the observed Δ17O of atmo-
spheric nitrate, with a nitrate production rate of 20 ± 10% (ca.
10% and 30% for winter and summer, respectively) for this re-
action pathway. The low concentration of NOx in this environ-
ment precluded the formation of N2O5 and its reaction products,
especially the nitryl halogen compounds (e.g., ClNO2). A recent
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controversy regarding the role of N2O5 as a sink of NOx has
emerged, with proposed uptake coefﬁcient values varying by
orders of magnitude (e.g., ref. 5). In this regard, our Δ17O(NO3
−)
measurements are incompatible with a high production rate of
HNO3 from N2O5 hydrolysis, in agreement with studies that have
suggested a substantially reduced magnitude of the NOx sink
from N2O5 for clean environments (5, 33, 38). It is possible that
for the remote marine atmosphere, the lack of halogen chemistry
implementation in models has led to an overestimation of the
N2O5 pathway (39). Because oxidation chemistry in the atmo-
sphere involves a transfer of oxygen atoms, stable oxygen isotope
ratios are particularly useful tools for following such chemistry,
as demonstrated in the present work. In this perspective, the
surprisingly high oxidation capacity found in tropical forests (40)
provides another environment in which the Δ17O metric may
provide new insights. Here, an unexplained high OH production
rate in a low NOx and high VOC environment was observed. This
environment should result in the lowest atmospheric Δ17O
(NO3
−) signatures. δ15N is found to be more difﬁcult to interpret,
apparently due to a predominantly local control on 15N parti-
tioning between nitrogen species. Close examination with pre-
vious studies indicated that the annual variations in 15N in this
tropical marine atmosphere were driven by a different mecha-
nism than that observed at higher northern latitudes. A co-
variation of δ15N with NO2/NOx ratio is suggested, but in the
opposite direction of previous studies in air masses affected by
urban and industrial emissions. We hypothesize that this sea-
sonality is probably driven by the partition of NOx species between
NO and NO2. Measuring
15N of NO and NO2 should help in
solving this uncertainty (41).
Materials and Methods
Deﬁnitions. Conventionally, δ is deﬁned as (42):
δxYspl=ref =
x
x
​ Rspl
​ Rref
− 1 [1]
where xR represents the mole ratio n(17O)/n(16O), n(18O)/n(16O), or n(15N)/n
(14N) in the sample (spl) and reference (ref), respectively, and xY is the re-
spective isotope. The references for oxygen and nitrogen are Vienna standard
mean ocean water and atmospheric N2, respectively (ref. 43 and references
therein). For practical reasons, δ values are generally expressed in per mill (‰),
because variations in isotopic ratios cover a very narrow range of values.
17O-excess is expressed here by its linear deﬁnition, where Δ17O = δ17O −
0.52 × δ18O. The δ values are reported against their respective international
reference scale.
Sampling and Analysis. Bulk aerosol samples were collected from a 30-m-high
observation tower located on the island of São Vicente, Cape Verde Island
(16° 51′ 49′′ N, 24° 52′ 02′′ W) in the period from July 3, 2007 through May
29, 2008. Samples were collected on 47-mm, 0.4-μm polypropylene ﬁlters
(Sterlitech). Air sampling was conducted using a low-volume aerosol col-
lection system, which pumps at a rate of ∼30 L/min. Mass ﬂow meters were
used to measure the volume of air pumped over the ﬁlters. The ﬁlters were
collected and replaced every 48–72 h. Collected ﬁlters containing atmo-
spheric aerosols were stored at −20 °C until extraction and analysis.
Soluble species deposited on the ﬁlters were extracted in 100 mL of ultra-
pure water (18 MΩ·cm−1) under ultraclean conditions (44). All subsequent
analyses were performed on the nitrate dissolved during this step. Nitrate
concentrations were determined in ﬁlter extracts using ion chromatography,
with a reported uncertainty of ∼5% in the range of 1–1,000 ng·g−1 (45). At-
mospheric concentrations were calculated by dividing the mass of nitrate re-
covered on the ﬁlters by the total sampled air volume (no correction for
standard pressure and temperature was applied). The contribution of sam-
pling blanks was always found to be negligible. Nitrogen and oxygen isotope
ratios were measured using an automated denitriﬁer method as described by
Morin et al. (27). This technique uses Pseudomonas aureofaciens bacteria to
convert nitrate to N2O, which is then analyzed for its isotopic composition
after thermal decomposition to O2 and N2 in a gold tube (46). The analytical
procedure used for this study is strictly identical to the description given by
Morin et al. (27). Isotopic analysis was performed on a Thermo Finnigan
MAT253 (continuous ﬂow mode) equipped with a gas-bench interface.
Uncertainties pertaining to the δ18O, Δ17O, and δ15N values are ca. ±1.8‰, ±
0.5‰, and ±0.4‰, on average, respectively.
Method. Chemistry and isotopes. The interpretive framework that has been
developed for the quantitative evaluation of the Δ17O of NO3
− in terms of its
production pathways follows from conservation of mass applied to Δ17O and
is based on the simple idea of tracing the origin of oxygen atoms transferred
from reactants to products (15). In the majority of cases, the following
reactions are sufﬁcient to interpret Δ17O (7) (Fig. S1). During the day, the
majority of atmospheric nitrate is formed via the following reactions (R):
NO2 +OH→HNO3;    kNO2+OH [R1]
In certain situations in which halogen concentrations are signiﬁcant, the
following reactions will compete with OH ( with X representing Cl, Br, or
ionium):
NO2 +XO→XNO3;    kNO2+XO [R2]
XNO3 +H2O→HOX +HNO3;    kXNO3+H2O [R3]
At night, in a remote marine atmosphere where DMS (CH3SCH3) domi-
nates over VOCs, the formation of higher nitrogen oxides drives the chem-
istry of nitrate:
NO2 +O3→NO3;    kNO2+O3 [R4]
NO3 +DMS→HNO3;    kNO3 [R5]
NO3 +NO2↔N2O5;    Keq [R6]
N2O5 +As→2HNO3;    kN2O5 [R7]
where AS symbolizes a hydrated aerosol surface area concentration (square
micrometers per cubic centimeter) for the heterogeneous R7 reaction (4). To
predict the Δ17O of NO3
− produced by the above chemistry, we used the
formalism developed by Morin et al. (15) under the assumption that the
atmospheric lifetime of NO3
− is signiﬁcantly longer than 1 d, a condition
fulﬁlled at the CVAO (47, 48). The modeled monthly mean Δ17O of nitrate is
then expressed (SI Text):
Δ17O

NO−3

=
P
i

Pi ×Δ17O

NO−3

P
iPi
[2]
where Δ17OðNO−3 Þ and Pi represent the DIIS (no unit) and the chemical
production rate (molecules per cubic centimeter per second of nitrate), re-
spectively. We used the explicit seasonal DIIS for each Pi as modeled by
Morin et al. (15) for 45° N, which implicitly integrates seasonal variations in
the Δ17O of NO2. Tests show that the DIISs are not very sensitive to the
latitude, with a notable exception at polar latitudes. We have scaled the
transfer functions to a transferrable 17O-excess [Δ17O(O3*)] of 40‰, a value
obtained using a newly developed analytical method (37) in the vicinity of
Cape Verde during the 2012 ANTXXVIII/5 cruise of the R/V Polarstern,
obtained with an analytical SD of ±3‰. Note that the predicted values of
any model calculation dependent strongly on the scenario used for Δ17O
(O3*) (15). We adopted a constant value because
17O-excess ozone is not
expected to change greatly in the troposphere due to its low sensitivity to
pressure and temperature (49). The quantitative results provided in this re-
port would need to be reconsidered should Δ17O(O3*) be found to exhibit
signiﬁcant diurnal or seasonal variability.
SSM. Concentrations of oxidants (OH, HO2, BrO, and O3), DMS, aerosols,
and NOx were used to calculate the production rate of each pathway
(R1, R3, R5, and R7) leading to nitrate formation (i.e., PNO2+OH, PXNO3+H2O,
PNO3+DMS, PN2O5+As, respectively; details are provided in SI Text) (Fig. S1).
These production rates then served as input in an isotope mass balance
model used to calculate Δ17O (15). The models generate the relative ni-
trate production rate (Fig. 2) and the individual Δ17O of each nitrate
production channel (Fig. S2) and, via summation, provided the predicted
Δ17O(NO3
−) (Fig. 1B).
The uncertainty of the predicted Δ17O is calculated using the quadratic
sum of the individual variables, which includes the production rate and
the DIIS. For the production rate, a relative uncertainty of 30% is assumed,
representing the general uncertainties of the kinetic rates and the con-
centration measurements. For the DIIS, the variability range of individual
DIISs is extracted from the different scenarios described in the work of
17672 | www.pnas.org/cgi/doi/10.1073/pnas.1216639110 Savarino et al.
Morin et al. (15). The relative uncertainty of the individual DIISs never
exceeds 10%.
CTM. The same exercise was conducted using the global 3D GEOS-Chem CTM
to obtain the monthly “transported” Pi (i.e., PNO2+OH, PNO3+DMS, PN2O5+As)
while keeping the same DIIS used in the SSM (Figs. 1B and 2 and Fig. S2). The
version of the CTM used in this study does not include halogen chemistry,
such as the formation of atmospheric nitrate via BrNO3 hydrolysis. Details of
the CTM model can be found in the study by Alexander et al. (18). We ap-
plied the same Δ17O uncertainty to the 3D CTM as calculated for the SSM.
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